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Introduction
Understanding polymer aging and degradation is crucial for accurate prediction of polymer lifetime, durability and reliability. There continues to be extensive interest and research into the aging of polymer materials. 1 The elucidation of the chemical and physical mechanisms at the molecular level leading to material degradation is an important objective in achieving this goal. To probe the complex chemical changes that occur during polymer aging, a variety of analytical techniques have been used, including a number of spectroscopic studies such as ultraviolet (UV), infrared (IR), fluorescence, chemiluminescence, nuclear magnetic resonance (NMR) and mass spectromeb-y (MS). 1-3 NMR spectroscopy has been used extensively to characterize polymer structure and morphology.2-7 Molecular details about polymer aging have also been obtained using NMR spectroscopy, including '3C NMR studies of thermal oxidation in polyethylene;g polypropylene and polypropylene oxide), 10 and irradiation damage in polyisobutylene,l 1 polyethylene,l 2Y13 and polyisoprene. 14 lH studies of thermal degradation of polyisoprenel 5 and polyethylene have also been reported. 16 One of the difficulties encountered in 13C and lH NMR is the identification and quantification of the small signal arising from degradation species in the presence of native or unaged polymer signal. Recently we demonstrated that by using '70 NMR and isotopic enrichment, the dil%culty of distinguishing degradation species signal from the dominant unaged polymer signal can be eliminated, thus providing a power.ti.d tool for the investigation of oxidative degradation in polymer systems. 17-19 In this paper, 170 NMR spectroscopy is used to < ,, investigate the thermal oxidative aging of pentacontane (C50HI02),a model long-chain alkane system, and the aging of the homopolymer polyisoprene.
Pentacontane was chosen for initial investigations into oxidative degradation using '70 NMR because long chain alkanes have previously been used as a model of linear polymers such as polyethylene, and can provide insights into molecular structural changes accompanying polymer aging. The majority of previous investigations into thermal oxidation and pyrolysis of alkanes have concentrated on the combustion of hydrocarbons at high temperatures (> 250 "C), or the formation of petrochemical the intermediates by liquid phase oxidation. These reports have included detailed analysis of mechanisms and kinetic description that occur within the flame.20-23 A series of investigations into the autoxidation of alkanes as models for lubricant degradation have also been reported, including investigations of n-octane (C8H18),24 n-hexadecane (C16Hg4),25-29 and squalene (C30H62).30 '3C NMR spectroscopy has been used to investigate thermal aging in n-hexadecane2* and radiation darnage in n-tetratetracontane (CMH90).8
The homopolymer polyisoprene also provides an excellent model polymer system for the investigation of thermooxidative aging because of its chemical simplicity and completely amorphous morphology. Due to the industrial importance and variety of different applications employing polyisoprene rubbers, there have been extensive investigations into the aging mechanisms of this material. 14>15)3 1'37 4 Experimental Section
Oxidative Aging. The pentacontane (C50H102)and polyisoprene polymer samples were obtained from Aldrich (97 YOcis 1,4-polymer, avg. MW= 800,000), and used I without further purification. The purity of the pentacontane sample was checked prior to aging studies using high resolution 'H and 13CNMR. Appropriate weights of the materials were placed in ampoules and filled with differing molar amounts of 82°/0 enriched 1702 (Isotec). The samples were then aged at 125 'C for pentacontane and 95 'C for polyisoprene for varying amounts of time ranging from less than a day for pentacontane to 31 days for polyisoprene. The details of the oxidation are given in Table   1 . During the experiment the 02 pressure decreased from approximately 160 Torr to 100
Torr. This pressure drop per sample weight ( -0.1 to 0.4 g) determined the extent of oxidation. The residual oxygen as well as CO and C02 formed during the degradation process were accurately determined with gas chromatography (GC) using a thermal I conductivity detector (a technique commonly utilized for precise oxygen consumption I measurements) . 38 The concentration of 02 in the sample (oxidation levels, see Table 1) was obtained by calculating the total amount of 02 that reacted during the thermal I exposure and correcting for the 02 that was consumed in the formation of C02 and CO I and partly in other 02-containing volatiles (which is commonly on the order of -10O/O).
We did not correct for the formation of HzO, which is difficult to quantify with any I oxygen-uptake approach, but is also only a minor product representing a few percent of the total oxidation products as evident in Table 2 . Under these assumptions the oxidation levels listed in Table 1 and 2 represent a maximum.
Considering the nature of the underlying free radical autooxidation reaction, the amount of 02 incorporation is not a simple fiction of aging time, and is often dictated by trace impurities and catalyst. Due to this effect it proved difficult to produce samples with increasing 02 incorporation levels by simply relying on variation of the oxidation time. Rather, the oxidation was terminated after varying times and then the conversion and oxidation products were determined (as shown in Table and 2).
NMR Measurements.
The *H and '3C high resolution NMR spectra were obtained at resonant frequencies of 399.9 and 100.1 MHz, respectively on a Bruker DMX400 NMR spectrometer using a 5rnm broadband probe and standard pulse sequences. To reduce the interference between 'H decoupler modulation and the weak signals fi-om degradation species in the 13CNMR spectra, a combined hi-level adiabatic decoupling scheme39 with a 48-step super-cycled WALTZ composite pulse decoupling sequence40 was utilized.41 Samples were referenced to residual signal of the deuterated solvent. Solid-state magic-angle spinning (MAS) 13CNMR spectra were obtained at 100.1 MHz on a Bruker AMX 400 using a 4mm broadband MAS probe, referenced to the carbonyl signal of glycine (S = 176.0 ppm). Solid-state spectra were obtained using a single pulse with high-power proton decoupling and a spiming speed of 4 kHz.
170 NMR Experimental Considerations. The oxygen isotope '70 has a spin of 1 = 512
(therefore possessing a quadrupolar moment), and occurs at an extremely low natural abundance (0.0370/0). By using isotonically enriched (810/0) 02 gas as the oxidizer, the resulting degradation species are easily identified. The 170 solution NMR spectra ,-reported here were obtained at a resonant frequency of 54.3 MHz on a Bruker DMX 400 spectrometer using a 5mm broadband probe. Spectra were obtained using 1K to 64K scans, a 10ps 7c12pulse and a 500 ms recycle delay. It was found that 500 ms was sufficient for complete spin-lattice relaxation in these samples. A standard single pulse sequence with Waltz-16 composite pulse 1H decoupling was employed. Linear prediction of the first four to six points was utilized to reduce baseline roll resulting from acoustic ringing. '70 NMR spectra were referenced to an external reference of natural abundance H2170 @ = 0.0 ppm) at room temperature. For all experiments described, approximately 80 to 100 mg of thermally oxidized pentacontane was dissolved in 1 ml of toluene-d8, while for aged polyisoprene 12 to 100 mg was dissolved in 1 ml of trichlorobenzene.
Since the (which is 
Since larger molecules exhibit slower correlation times, this proportionality to~Ccan produce dramatic increases of the observed line width. It has been shown that by increasing the temperature (and thereby reducing the molecular correlation time), the observed '70 .NMR line width in aged polymer samples can be greatly reduced. 19 The '70 NMR spectra reported in this paper were all obtained at elevated temperatures to reduce the observed line width. All pentacontane spectra were recorded at 75°C, while the polyisoprene spectra were recorded at 125 'C.
Model Compounds. Model long-chain ketone, alcohol and ester compounds were synthesized to provide precise '70 chemical shift information under the solvent and temperature conditions used during the present investigation. The model ketone compound 170-labeled hexatricontan-18-one was synthesized from the reaction of octadecyl magnesium bromide (generated from 1-bromooctadecane (Aldrich) in THF/Toluene (1/1) with magnesium under reflux) with stearonitrile (Aldrich, recrystallized) followed by hydrolysis with H2*70 and acid. Alternatively, the labeled ketone was also synthesized using unlabeled water, then labeled via formation of nbutylimine (excess n-butylamine, catalytic acid, 4A molecular sieves) and hydrolysis with H2170 and a full equivalent of acid. The resulting material was purified by chromatography on a short pad of silica gel using hot toluene, followed by .
Results and Discussion
Representative 170 NMR spectra for thermally oxidized pentacontane (CSOH102) dissolved in toluene-dg are shown in Figure 1 ( C02/A02 and CO/A02 ) along with the total 02 incorporated are presented in Table 1 for the six samples of oxidized pentacontane investigated. The amounts of C02 and CO produced during the oxidation process (as measured by GC) show some variation, but are relatively independent on oxidation levels. For pentacontane the C02/A02 ratio is on average smaller than that observed during oxidation of polyisoprene, while the CO/AOz observed in pentacontane is slightly larger than that observed in polyisoprene.
In Figure 2 difference spectra is shown in Figure 4f . The minor species at 8 = +33 ppm is consistent with a 2°alcohol near a chain end.43>45
The major resonance at S = + 13 ppm is upfield from the range typically expected for a simple 2°alcohols, but is consistent with a 2°alcohoI experiencing oxygen-SCS effects such as upfield y-SCS(OH) effect reported in diols. 44 The selective appearance of the 5 = +13 ppm resonance following the reaction with (CH3)2S (Figure 4e ), shows that the peroxides producing these alcohols are converted to other degradation functionalities under oxidative conditions. Note this alcohol species is not present in high concentrations in the untreated oxidized pentacontane sample (Figure 4d ). Whether the differential reactivity is governed by nearest neighbor substituent effects, or has another explanation, was not determined.
The resonance at 6 = + 263 ppm is assigned to a carboxylic acid, consistent with its disappearance upon addition of LAH (Figure 4c ). The slight broadening of the carboxylic acid observed in Figure 4b NMR spectra of thermally oxidized pentacontane (Table 2) , while spectra of aged polyisoprene revealed that water comprises up to 11 ?40of the oxygenated degradation products ( Table 2 ). The variation in the water concentration obsemed for oxidized polyisoprene results from differences in the sample storage history.
Pentacontane Thermal Oxidation. Figure 5 displays the concentration of oxygen-containing functional groups for .pentacontane as a fimction of oxidation. In Table 2 the relative percentage of the various oxygen fi.mctional groups as a function of total oxygen incorporation are presented. For thermally oxidized pentacontane only significant amounts of the following five major functional groups were observed and analyzed: ketones, esters, carboxylic acids, peroxides and alcohols/ethers (primarily 2°a lcohol). The concentration of water and unsaturated ether fimctionalities in oxidized pentacontane are extremely small and were not considered fgrther.
From inspection of Figure 5 there are several important observations that can be made. The first observation is that the total concentration of four of the five major fictional groups increases with increasing oxygen consumption. The exception to this trend is the concentration of peroxides, which is the major product observed at an 02 incorporation level of 0.18 0/0,and which decreases to undetectable levels with increasing, 02 incorporation. A very small amount of peroxides (-1 Yo)is still observed at 0.57% 02 incorporation (See Table 2 ). It is interesting to note that while the peroxides are by fa the most important product for the O.18°/0sample, there are also higher oxidation products present. These products include mainly ketones, acids and some alcohols, but also trace H20 and C02 (which was detected as a volatile). Mechanistically this implies that higher oxidation products can be formed essentially from the onset of the oxidative aging, an important result that has often been difficult to demonstrate using less sensitive techniques on weakly oxidized samples. Ketones (and aldehydes) as well as alcohols and ethers are the dominant species formed during the thermal oxidation of pentacontane.
They show a slightly non-linear concentration variation with increasing oxidation. The ester and carboxylic acid concentrations initially lag, then begin to increase at oxygen incorporation levels greater than -1%. The ester and carboxylic acid fimctionalities contain two oxygens per fictional group, and have been appropriately scaled to reflect the concentration of the fi.mctional group.
From previous oxidation investigations of long chain alkanes and polymers, the first step in the oxidation process is normally the formation of hydroperoxides (eqn 2).
-CH2CH2CH2--cH2:HcH2-~-cH2yHcH2-~-cH27HcH2-00. OOH
From Figures 1d and 4a-c the formation of peroxides in pentacontane is confirmed; this is the dominant species at the very lowest Oz incorporation level, 0.18 % (see Table 2 ). The disappearance of the alkyl hydroperoxides via free radical decomposition leading to new radical initiation will create the remainder of the secondary degradation species observed in this '70 NMR investigation. It has been postulated that in simple alkanes, one mechanism for the formation of ketones and alcohols can be a bimolecular termination have relative concentration ratios that remain unchanged with increasing oxygen incorporation. This observation, in addition to the delayed appearance of a carboxylic acid resonance that increases with oxygen incorporation levels, suggests that either aldehydes do not play a significant role in the oxidation of pentacontane or that the aldehydes possess a very short life time before they are converted to carboxylic acids.
Garcia-Ochoa et al. 24 have also modeled the oxidation of octane using a direct ketone oxidation to form carboxylic acids. If a similar mechanism were present in the thermal oxidation of pentacontane, the ketone concentration would be expected to diminish due to the formation of carboxylic acids.
In Polyisoprene Thermal Oxidation. The variation of concentrations for oxygencontaining fictional groups produced in thermally oxidized polyisoprene for different amounts of total oxygen incorporation is shown in Figure 6 and in Table 2 Table 1 
